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Abstract 
 
 
This thesis presents an experimental study on the piezoresistive behavior of carbon nanomaterial-
filled polymer composite sheets and multi-scale composite for their application in large-area strain 
and pressure sensing of structures subjected to flexural and pressure loading. The thermomechanical 
viscoelastic properties were characterized by dynamic mechanical analysis, and the fracture surfaces 
were observed under the scanning electron microscope to analyze the morphology and carbon 
nanomaterial dispersion. The inherent electrical conductivity of polymer nanocomposites imparted 
piezoresistivity, and the potential use of the nanocomposites as piezoresistive strain and pressure 
sensors was demonstrated. Mutiwalled carbon nanotubes (MWCNTs) and exfoliated graphite 
nanoplatelets (xGnPs) with two different sizes were used as conductive fillers.  Conventional 
solution casting and coagulation methods were employed to fabricate nanocomposite sheets, and their 
influences on nanofiller dispersion and variation in electrical properties were compared.  
Nanocomposite sheets were bonded to the surfaces of polymeric plates, which were subjected to 
three-point bending.  The changes in resistivities of nanocomposite sheets were measured in situ, 
which demonstrated large-area piezoresistivity.  As compared to solution casting, coagulation 
showed higher repeatability and lower variability in electrical conductivity.  Moreover, at the same 
loading, MWCNTs showed the highest sensitivity among the three types of filler, whereas the smaller 
xGnPs showed the lowest. In addition, the sensors exhibited excellent potential for pressure sensing, 
suggesting a possibility for tailoring to meet pressure range and large-area structural health 
monitoring using multiscale carbon nanomaterial-filled polymer composites. In addition to 
nanocomposites with randomly oriented MWCNTs, those with aligned MWCNTs were fabricated 
using a specially designed single-screw extruder. When bonded to a substrate that underwent flexural 
loading, the aligned nanocomposite sheets exhibited anisotropic piezoresistive behavior, that is, 
different sensitivities in directions parallel and perpendicular to the loaded direction, which suggested 
a useful application in strain sensing with preferred orientations. 
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I. INTRODUCTION 
 
 
Structural health monitoring (SHM) utilizes “smart structures,” that is, nondestructive inspection 
(NDI) principles coupled with in situ sensors that are incorporated into the structure [1]. These 
sensors produce an NDI tool with greater access to difficult-to-inspect areas of complex structures and 
can eliminate the need for disassembly.  SHM, therefore, is perceived as a revolutionary approach to 
assessing the integrity of structures.  The core of SHM technology is the development of self-
sufficient systems that use built-in, distributed sensor/actuator networks, not only to detect structural 
discrepancies and determine the extent of damage but also to monitor the effects of structural usage.  
SHM can provide earlier warnings of physical damage, which can be used to define remedial 
strategies before the damage compromises the service operations.  The application of SHM would 
enable true condition-based maintenance, and the replacement of the present-day manual inspections 
with some form of health monitoring would substantially reduce the associated life-cycle costs.  
Hence, there is a strong need for reliable SHM systems that can autonomously process data, assess 
structural condition and signal the need for human intervention.  Further, flaw growth and structural 
failure could best be monitored by onboard SHM systems that continuously, rather than periodically, 
assess structural integrity. 
Several different types of strain sensors exist that can be attached to the surface or embedded in the 
structure and measure cumulative stresses imposed on the aircraft structures.  The resistance-type 
strain gage is one of the most common strain sensors.  Commercial off-the-shelf, constantan- or 
nickel-chromium-alloy-based strain gages offer wide static/dynamic and temperature ranges as well as 
high accuracy.  However, these gages lack versatility and flexibility, as they can only measure 
strains at particular locations (“point” measurement) and in predefined directions.  In addition, they 
exhibit a low and narrow range of gage factor (2.0-3.2). (Gage factor is the measure of sensitivity of a 
resistance strain gage, defined as the ratio between DR/R and strain, where R is the electrical 
resistance.)  Strain gages are difficult to be embedded in structures, as they are designed to measure 
two-dimensional plane strains and are typically surface-bonded, often requiring a tedious and labor-
intensive bonding procedure using adhesives.  Another popular sensor, fiber Bragg grating sensors, 
must be handled carefully due to their brittleness, and embedding them into components significantly 
complicates manufacturing and repair practices.  A more recent SHM technology based on surface 
acoustic wave enables wireless operation; however, it only allows strain measurements at discrete 
locations (where the sensors are attached).  Many of these sensors are not effectively “distributed” in 
its truest sense, thus only allowing strain measurements at discrete locations (where the sensors are 
attached). 
To overcome these limitations, research has been performed worldwide to develop embeddable, 
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distributed strain sensing systems based on carbon nanotube(CNT)-reinforced polymer composites.  
The idea is to use the piezoresistivity of conductive nanocomposites, that is, the characteristic of 
conductivity change in response to mechanical strains, to measure the stresses applied to the structure.  
When stresses are applied to polymer/CNT composites, the conductive nanotube network is disrupted, 
leading to changes in electrical properties.  Such disturbances may affect both individual and 
network structures of CNT.  As for composite structure, film-type nanocomposite strain sensors can 
be integrated during manufacturing of these structures, using such conventional processes as hand lay-
up and vacuum assisted resin transfer molding.  For metals and ceramics, the sensors can be bonded 
to the surface using adhesive.  The key advantages of the proposed CNT-based sensing systems are 
as follows: 
 
1. The sheet-form nanocomposite sensors can cover large areas on the surfaces of the structures and 
allow macroscale strain measurement.  In addition, based on the arrangement probe arrays, strains 
can be measured in any desired directions using a novel neural network algorithm, and three-
dimensional strain mapping is possible. 
2. The sensing performance can be tailored by controlling various material and process parameters, 
including CNT concentration and orientation, polymer matrix type, and degree of nanotube dispersion. 
3. The nanocomposite sensors can be integrated in the composite structure without adversely affecting 
or altering the manufacturing processes. 
4. The onboard signal acquisition and data analysis software implementing cumulative stress tracking, 
flaw detection, and fatigue life prediction algorithm will enable accurate and reliable structural health 
monitoring. 
5. The inclusion of CNTs will enhance the mechanical properties and durability of the composite 
structures while not increasing the overall weight significantly. 
6. The low material and processing costs will enable scale-up production of smart sensor-integrated 
composite structures. 
 
A fundamental theoretical basis to describe and model the conductive behavior of CNT-based 
composites is the percolation theory. The relevance of the percolation phenomenon to the 
conductivity of CNT composites can be visualized in the following simple scenario as shown in 
Figure 1-1. With very low concentration of fillers, the conductive particles scatter in the matrix as 
isolated particles or clusters, and the conductive particle-filled polymer is either insulated or barely 
conductive. As more particles are added to the matrix, the isolated clusters grow and would eventually 
“percolate”, i.e., form a connected network spanning the entire sample matrix, transforming the 
polymer from insulating to conductive. The filler concentration at this point, where the polymer 
experiences a drastic jump in conductivity, is termed percolation concentration or critical 
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concentration. At the filler concentration which is higher than the percolation value, the connected 
network of conductive particles becomes denser, thus continuing to raise the polymer conductivity at 
an increasingly slower rate. The percolation theory has shown to be effective in the study of 
conductivity of CNT composites. 
Figure 1-2 illustrates the conventional “parasitic” SHM sensing systems (Generations 1 and 2) and 
the next-generation smart sensing system as proposed in this thesis (Generation 3).  Generations 1 
and 2 use individual sensors arrayed at various locations on a structure.  Generation 2, which is a 
more recent development [3], uses a flexible sheet containing an array of sensing elements, associated 
wires, and other associated circuit elements.  As pointed out previously, these systems are capable of 
measuring only localized stresses or strains where the sensing elements are situated.  On the contrary, 
Generation 3 uses a sheet containing distributed percolated carbon nanotube network and optimally 
placed probes, which can be bonded to the surface of a structure or embedded in a composite. 
Overcoming to the limitations of conventional structural health monitoring, which are typically 
“point” sensors that can be affixed to or embedded in structures, CNT-polymer composite-based 
strain sensors enable “distributed” wide area sensing. 
 
 
Figure 1-1 Concept of percolation 
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Discretized sensors 
(bonded to the 
structure)
Structure to be 
monitored
Leadwire for signal 
acquisition
 
(a) Generation 1 
Discretized sensors 
(embedded in the 
flexible matrix sheet)
Structure to be 
monitored
Flexible matrix sheet
 
(b) Generation 2 
Probes (embedded in 
the nanocomposite
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Structure to be 
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Distributed carbon 
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(c) Generation 3 
Figure 1-2 Evolution of SHM sensors: (a) discretized sensors bonded to the surface of the structure; (b) 
flexible sheet embedded with discretized sensors; and (c) sensor sheet based on piezoresistivie distributed 
carbon nanotube network, optimized probe array placement, and neural network algorithm 
 
 
5 
 
II. LITERATURE REVIEW 
 
 
2.1 Carbon-Based Conductive Fillers 
 
Carbon nanotubes (CNTs) were fist discovered by Japanese scientist Sumio Iijima. In 1991, Iijima 
discovered multiwall carbon nanotubes (MWCNTs) in carbon-soot produced by the arc-discharge 
method [3]. A few years later, he observed single wall carbon nanotubes (SWNTs), which were long, 
slender fullerenes with hexagonal carbon (graphite structure) tube walls that were often capped at 
either end [4]. Since the discovery of nanotubes there has been extensive scientific research on the 
properties of nanotubes. Open literature suggest that work is currently being conducted to study the 
unique structural, electrical, mechanical and chemical properties of CNTs and explore their potential 
applications [2-9].  Another common type of nanoparticle is carbon nanofiber (CNF), which is a 
cylindrical nanostructure with graphene layers arranged as stacked cup or spiral sheet of graphene 
planes, with the edges of the planes along the tube’s surface (Fig 2-1). CNF has been adopted more 
frequently into many applications because of its scale-up capability [4]. 
For more than sixty years, scientists have presumed that a one-atom-thick single-layer graphene 
sheet could not exist in its free state based on the reasoning that its planar structure would be thermo-
dynamically unstable. Somewhat surprisingly, several groups have recently succeeded in obtaining 
isolated graphene sheets by mechanical exfoliation using a ‘Scotch tape’. Graphene has been an 
emerging carbon nanomaterial with the potential of being used in various multifunctional, high-
performance polymer applications for its outstanding performance-to-cost ratio as compared to CNTs. 
(Graphene is a two-dimensional, one-atom-thick planar sheet of sp2-bonded carbon atoms that are 
densely packed in a honeycomb crystal lattice.) 
Exfoliated graphite nanoplatelets( xGnP) are unique nanoparticles consisting of short stacks of one 
or more graphene sheets having a platelet shape. Each particle has an average thickness in the 5 – 10 
nanometer range, and has been produced particles with lateral dimensions ranging in increments up to 
50 microns in diameter. The graphene sheet that forms the basal plane of these platelets is identical in 
composition to the graphene wall of a carbon nanotube, only in a flat sheet form. Edges of the 
platelets are the sites for functionalization, which helps facilitate hydrogen or covalent bonding within 
a polymer matrix. The comparisons of various properties of carbon-based filler materials are shown in 
Table 2-1. 
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Figure 2-1 Schematic of carbon allotropes 
 
 
Table 2-1 xGnP /CNT compromises between performance and cost 
 
Carbon Material 
 Size 
 (um)  
Length 
 (um)  
Aspect 
Ratio  
Tensile  
Modulus 
(Gpa) 
Tensile 
Strength 
(Gpa) 
Electrical 
Resistivity 
(W cm) 
Cost 
($/lb)  
Conventional carbon 
Black 
0.5-300  0.5-300  ~1  3-5  0.5-1  10
-1 
-10
2
 ~$0.40  
    Highly Structured 
Carbon Black 
0.01-0.03 0.01-0.03 ~1  
    
1Χ10
-3
  ~$12.00  
Chopped CF 4.3-8.4  150-7500 20-1000 300-800  2.5-7  
1.7-6.8 
Χ10
-3
 
$5.00  
7Χ10
-5
- 
VGCF 0.1-10  10-300  10-150  250-500  3-7  
1Χ10
-3
 
$60.00 
SWNT 0.007-0.1 1  100-1000 1000-2000 50-180  4Χ10
-5
  $500.00 
xGnP 
0.006-
100  
0.4-2000 10-1000 1000  10-20  5Χ10
-5
  ~$10.00  
 
 
Subsequent investigations have shown that CNTs integrate amazing rigid and tough properties, 
such as exceptionally high elastic properties, large elastic strain, and fracture strain sustaining 
capability, which seem impossible in the current materials [3]. CNTs are the strongest fibers known. 
The Young’s modulus of a SWNT is around 1TPa, which is 5 times greater than steel (200 GPa) while 
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the density is only 1.2~1.4 g/cm3 [4]. This means that materials made of nanotubes are lighter and 
stronger. Guo et al. [5] have measured the strength of a nanotube rope (around 15nanotubes) as high 
as 63 GPa. Nanotubes also have a very high aspect ratio. The lengths of nanotubes are usually around 
1μm, while the diameter for SWNT is only 0.6~1 nm (50nm for MWCNT). Recently, much longer 
nanotubes have been produced, reaching as long as 10~20 centimeters [6]. Apart from their well-
known extremely high mechanical properties, SWNTs offer either metallic or semiconductor 
characteristics based on the chiral structure of fullerene [7]. They possess superior thermal and 
electrical properties: thermal stability up to 2,800oC in a vacuum and 750oC in air, thermal 
conductivity about twice as high as diamond, and an electric current transfer capacity 1000 times 
greater than copper wire [8]. The high surface area of SWNTs is another attraction to researchers. 
SWNTs have a high specific surface area among carbon materials, and a single tube can reach as high 
as 1,300m2/g [9]. Therefore, SWNTs are regarded as the most promising reinforcement material for 
the next generation of high-performance structural and multifunctional composites, and evoke great 
interest in polymer-based composites research. SWNT ropes have been measured with a resistivity of 
10-4 ohm-cm at 300 K making them the most conductive fibers known [8]. Individual tubes have been 
observed to conduct electrons, that is, with no scattering, with coherence lengths of several microns 
[8]. The conductive properties make it possible for nanotubes to serve as a reinforcement and 
conductive material, which further increase its desirability for multifunctional structural applications. 
SWNT ropes have been measured with a resistivity of 10-4 ohm-cm at 300 K making them the most 
conductive fibers known [8]. Individual tubes have been observed to conduct electrons, that is, with 
no scattering, with coherence lengths of several microns [8]. The conductive properties make it 
possible for nanotubes to serve as a reinforcement and conductive material, which further increase its 
desirability for multifunctional structural applications.  
Graphene is unique molecular structure gives rise to, among others, impressive electrical and 
mechanical properties. While providing a high surface area with 2630 m2/g, graphene is among the 
stiffest and strongest nanomaterial known. Graphenes have been shown experimentally and 
theoretically to attain tensile modulus beyond 1.1 TPa and strength in excess of 125 GPa. Electrically, 
graphenes possesses excellent conductivity, reaching 15,000~20,000 S/cm. Such ideal properties 
make graphenes an attractive reinforcing material to produce engineered composites. 
In addition to their unique sizes and shapes, xGnP attracted attention also because of their 
remarkable physical properties, including: (1) exceptional electrical conductivity with 5Χ10-5 W cm, 
(2) low cost: the cost of xGnP is about ~$10 per pound which makes xGnP cheaper than CNTs with 
$500 per pound ,(3) super mechanical strength: the tensile strength of xGnP is about 10-20GPa; the 
tensile modulus is about 10-20 GPa. 
The relevance of percolation phenomenon to conductivity of CNTs can be visualized in the 
following simple scenario. At a very low concentration of fillers, the conductive particles scatter in 
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the matrix as isolated particles or clusters, and the conductive particles-filled polymer is either 
insulated or barely conductive. As more particles are added to the matrix, the isolated clusters grow 
and would eventually “percolate”, i.e., form a connected network spanning the sample matrix, 
transforming the polymer from being insulated to conductive. The filler concentration at this juncture, 
where the polymer experiences a drastic jump in conductivity, is termed percolation threshold 
concentration or critical concentration vC, as seen in Figure 2-2. At filler concentration higher than 
percolation value, the connected network of conductive particles becomes denser, thus continuing to 
raise the polymer conductivity albeit at increasingly slower rate. 
 
 
Figure 2-2 Typical trend of composite conductivity as a function of filler content 
  
 
A high aspect ratio in combination with low density, exceptionally high strength and stiffness 
make CNTs an excellent candidate as reinforcement for polymer matrix composites (Figure 2-3). 
CNTs have an extremely high surface area (1000 m2/g), which is several orders of magnitude higher 
than conventional fillers and fibers [2]. The large surface area can develop a large interface which 
enhances interfacial bonding, stress transfer and high conductivity, but the large surface area is also 
responsible for the formation of agglomerates [2]. The tendency of CNTs to form agglomerates is an 
issue when trying to achieve good dispersion of the nanotubes into the polymer matrix. This issue 
needs to be fully explored and understood before using nanoparticles to enhance the properties of 
conventional fiber reinforced composites and use structural health monitoring. 
9 
 
 
Figure 2-3 Percolation thresholds of conductive fillers with various aspect ratios 
 
 
2.2 Carbon Nanotube Based Nanocomposites  
 
The properties of traditional polymer matrix composites can be altered with the addition of 
nanoparticles such as clay nanoparticles, carbon nanotubes, carbon black, and carbon nanofibers, etc. 
Unlike traditional macroscopic fillers, which can lead to a decrease in the strength and impact 
resistance of the matrix, nanotubes can increase the stiffness, toughness and heat distortion 
temperature of polymers and polymer composites [13].  
A major benefit of carbon nanotubes(CNT) is the ability to improve the fracture toughness of 
polymer matrix composites. Gojny et al. [13] conducted an experiment, using double-wall carbon 
nanotubes(MWCNT) and carbon black, to study the effects of the addition of nanoparticles on the 
fracture toughness of epoxy resins. It was shown that the nanocomposites had significantly higher 
fracture toughness when compared to the neat epoxy. The study showed that there was no significant 
difference between the effects of the MWCNT and the carbon black. Gojny et al. concluded that 
nanotube bridging cracks and deflection at small agglomerates seem to be the dominating mechanism 
for dispersion of energy.  
Gojny et al. [13] was able to show MWCNT bridging micro cracks, induced by etching, in the 
nanocomposites. The bridging of these cracks should reduce the growth of nano-pores as well as the 
propagation of cracks and contribute to an increase in the fracture toughness [13]. In addition to the 
increase in fracture toughness nanotubes can increase the stiffness of polymers.  
 
 
 
10 
2.3 Multiscale Reinforcement Composites  
 
With the growing demand for more lightweight and high performance materials, in the aerospace 
and defense industries, multiscale composites are of growing interest. Multiscale reinforcement 
composites are produced by combining traditional high performance reinforcements, such as carbon 
and Kevlar fibers, along with nanoparticles, such as carbon nanotubes and nanoclays. The concept is 
to use the traditional reinforcements for in-plane reinforcement and nanoparticles for improvements in 
the through thickness direction as well as other resin dominated properties (Figure 2-4). 
Interfacial shear stress will effectively transfer the applied load to the particles. The load transfer 
effectiveness from the matrix to the nanoparticle reinforcements is determined by the interfacial 
bonding strength. To improve the interfacial bonding between the particles and the matrix the surface 
of the particles must be chemically treated, or functionalized. There has been extensive research in the 
area of chemical functionalization of carbon nanotubes. Wei et al. found that by using polyethylene to 
form a multi-site chemical bond with a carbon nanotube positive load transfer could be accomplished 
[14]. Elsewhere, Garg et al. was able to attach chemical functional groups to the nanotube walls to 
improve the load transfer [15].  
8~14 mm  in  d iam eter
Glass an d carbon  f iber re in forcem en ts
1-10 n m  
in  d iam eter S W N T-re in forced resin  m atrixS W N T re in forcem en t 
C om p o site w ith  m u ltiscale  re in fo rce ments
 
Figure 2-4 General concept of multiscale reinforcement composites 
 
2.4 Dispersion and Uniform Distribution of Carbon Nanomaterials. 
 
The dispersion property becomes more significant when CNTs are blended into polymer matrices. 
CNTs tend to remain as agglomerates, and therefore, homogeneous dispersion is difficult to obtain. 
Unless the CNTs are uniformly dispersed in the matrices, taking full advantage of the properties of 
individual CNTs is very difficult. A number of strategies are available for CNT dispersion in blends 
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and composite materials, including ultrasonication [16, 17], high-shear mixing, aid of surfactants [18-
22], chemical modification through functionalization [23-33], wrapping the CNTs with polymer 
chains [34], and combinations of these methods. However, most of these methods involve labor-
intensive, solvent-based processes, offering varying degrees of success, and often require careful 
control of treatment parameters. They strongly depend on intuition and trial-and-error, and therefore, 
do not provide systematic approaches for general polymer/CNT systems. Moreover, they report the 
difficulty in breaking up the CNT agglomerates, although the above-mentioned methods improved 
dispersion to a degree. For example, the use of surfactant tends to result in impurities in the composite 
[35]. Functionalizing the ends and sidewalls may limit further modifications for controlling bonding 
with the matrix and deteriorate the composite mechanical properties [36].  
The key factors for successful applications of CNTs are the capabilities to control CNT dispersion, 
interfacial bonding between CNTs and surrounding media, and CNT alignment. Good polymer-CNT 
interfacial wetting and adhesion is important to achieve effective load or energy transfer from the 
matrix to the CNTs [37-40]. Among the three factors, dispersion is the most critical issue as it governs 
the effectiveness of the other two factors. The ability to disperse CNTs into a polymer is the most 
critical processing parameter for controlling properties [35]. Despite numerous attempts to reinforce 
polymers by incorporating CNTs, there have not been many successful results that show significant 
improvement as compared to carbon fiber-reinforced polymer composites. For example, Shaffer and 
Windle [41] reverse-calculated the elastic modulus of CNTs in a poly (vinyl alcohol)/CNT composite 
film to be 150 MPa using the theory developed for short-fiber composites. The calculated value is 
significantly lower than that measured on an isolated CNT, which is approximately 1 TPa [42, 43]. 
This may be a direct result of poor CNT dispersion and insufficient load transfer between CNTs and 
matrix, in addition to possible imperfections in the graphite layers of the CNTs. 
A major challenge in taking advantage of the interesting properties of nanomaterials is controlling 
the degree of dispersion of the particles into the polymer matrix. Nanomaterials have the tendency to 
form agglomerates, which can reduce the strength of the composite. However, separating individual 
particles during mixing with polymers is difficult, due to the strong molecular interactions and 
increasing viscosity of the resin. To disperse the aggregation of CNTs inside the resin is a challenge 
while fabricating the nanocomposites. Researchers have used numerous methods for dispersion of 
nanomaterials into polymers. Techniques for dispersing nanomaterials range from sonication to a 
twin-screw extruder, and three roll milling.  
The bundles or ropes of CNTs will reduce the aspect ratio and influence mechanical and electrical 
properties of composites. Therefore, dispersion plays an important role for determining the 
mechanical and electrical properties of nanocomposites. Once the dispersion cannot be improved, the 
goal of significantly increasing mechanical and electrical properties of composites cannot be achieved. 
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Hence, the first objective for this thesis research is to improve the tube dispersion by proper selection 
of material system, optimum of mixing parameters and methods and functionalization and 
modification of tubes.  
 
2.5 Alignment of MWCNT 
 
CNT orientation can be critical for enhancing mechanical properties in the aligned direction or for 
achieving electrical and thermal conduction in preferred directions, forming an aligned 
nanocomposite, require utilizing a magnet for aligning CNTs. Alignment using magnetic field was 
chosen due to the ability of in-situ alignment of CNTs during films preparation. Significant alignment 
of CNTs was achieved when the films are produced in a magnetic field of more than 15T. Dr. Richard 
Smalley’s team experimentally demonstrated the effectiveness of aligning SWNTs in buckypapers 
under high magnetic fields of greater than 8 T using the filtration method [45]. Kadambala Ravi 
Shankar fabricated buckypapers under 15 ~ 25T magnetic field [46]. 
The major difference from making random buckypapers is that the filter is placed within high 
magnetic field. When the suspension passes through the filter, the CNTs would align in the direction 
of the magnetic field and be deposited on the membrane of the filter. AFM and SEM were used for 
observing the surface and microstructure of buckypapers. Both of the random and alignment 
buckypapers possess uniform SWNT dispersion and high tube loading. However, magnetically 
aligned buckypapers present higher mechanical properties than random buckypapers due to the tubes’ 
alignment. Adopting the aligned buckypapers for composites, a nanocomposite with aligned SWNTs 
can possess excellent mechanical properties compared to random SWNTs. That is, a higher tube 
loading and high storage modulus can be reached of a nanocomposite with aligned SWNTs [46]. 
Kadambala Ravi Shankar investigated composites with both random and aligned buckypapers, the 
modulus increased from 8.5-9 GPa of the random buckypapers to 18-45 GPa of the aligned 
buckypapers. 
Since CNTs are anisotropic in nature, the alignment principal permits the increase of composites 
properties. Some techniques exist to produce aligned nanocomposites. Aligned SWNT composites 
were also produced by melt processing methods [47]. For example, composites made by melt 
spinning can have CNTs aligned by drawing. However, the melt viscosity becomes too high for 
conventional melt spinning when the CNTs content is more than 10%. The electrical conductivity of 
the nanocomposites films is higher along the processing direction. The conductivity measured 
changed from 0.118 S/m in the alignment direction to 0.078 S/m in the perpendicular direction for a 
sample loaded at 1.33 wt% and from 11.5 S/m to 7.0 S/m for a sample loaded at 6.6 wt%. The 
anisotropy ratio measured was then only between 1.5 and 1.6. For composites, the alignment could be 
realized using the magnetic susceptibility of CNTs. If the filtration of CNTs suspension is conducted 
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under magnetic field, the CNTs will be aligned according to the direction and the strength of the 
magnetic field. The resulting buckypaper will have anisotropic properties. From this aligned 
buckypaper, it is the possible to produce an aligned buckypaper composite that will inherit the 
anisotropic behavior of its buckypaper. Therefore, we could go one more step toward the realization 
of CNTs materials with exceptional properties for thermal management applications. 
Moreover, dispersion was accomplished by mixing in a conical twin-screw extruder and alignment 
was carried out using a fiber-spinning apparatus. The effect of mixing time and fiber draw rates on 
dispersion and alignment were investigated. Uniform dispersions were produced with relatively short 
residence times in the extruder. Excellent alignment of CNTs in nanocomposite filaments was 
obtained. The ability to closely control the dispersion and alignment of CNTs in polymers is expected 
to lead to the development of nanocomposites with desirable electronic and structural properties. The 
motivation to use the higher molecular weight is to have higher mechanical strength of the final 
MWCNTs/Polymer fibers. With such uniform dispersion and excellent orientation of CNTs parallel to 
the Polymer fiber axis, it is expected to see significant improvement of the tensile strength and 
electrical conductivity along the fiber axis direction, which is being actively studied and will be 
reported subsequently. Regardless of the results on tensile strength and electrical conductivity, the 
uniform dispersion of CNTs in polymers by twin-screw extruding and excellent alignment by drawing 
is probably going to be very useful.  
It has been reported that when all the CNTs are aligned parallel to the load direction in the 
composites, the goal of high mechanical strength and controlling sensitivity of nanocomposites will 
be achieved due to anisotropic nature of SWNTs. Since CNTs have nanoscale dimension, manipulate 
and achieve tube alignment during processing is a big challenge for current nanocomposites 
fabricating technologies and the ability to closely control alignment of CNTs in polymers is expected 
to lead to the development of nanocomposites with desirable electronic and structural properties 
 
2.6 SHM Using Piezoresistive Nanocomposites 
 
Advanced composites which offer robust mechanical properties are being increasingly used for 
structural applications in the aerospace, marine, defense and transportation industries. However, the 
anisotropic nature of composite materials leaves it susceptible to problematic failure; the development 
of means for detecting failure is imperative. As design and functionality requirements of engineering 
structures such as spacecraft, aircraft, naval vessels, buildings, dams, bridges and ground-based 
vehicles become more complex; structural health monitoring (SHM) and damage assessment is 
becoming more rigorous. Though structures involved have regular costly inspections, the damage 
associated with composites in SHM systems can lead to catastrophic and expensive failures. Industry 
and research have no single technique used on its own to provide reliable results. Structural health 
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monitoring (SHM) is the acquisition, validation and analysis of technical data to facilitate life-cycle 
management decisions [11]. As design and functionality requirements of engineering structures such 
as spacecraft, aircraft, naval vessels, buildings, dams, bridges and ground-based vehicles become 
more complex; SHM and damage assessment is becoming more rigorous. The aerospace industry has 
one of the highest payoffs for SHM since damage can lead to catastrophic (and expensive) failures, 
and the vehicles involved have regular costly inspections. Currently 27% of an average aircraft's life 
cycle cost is spent on inspection and repair [12]; a figure that excludes the opportunity cost associated 
with the time the aircraft is terminally grounded. Most of the advances in SHM have concentrated 
mainly on active vibration control and on potential aerospace and civil applications [12]. The 
application of localized damage detection and assessment of composite structures, especially impact 
damage, is still in its infancy. Research has also shown that no single technique used on its own 
provides reliable results. Structural health monitoring (SHM) techniques could provide a solution for 
real-time health monitoring. 
Fiber composite materials are susceptible to the formation of micro-scale damage, such as 
interfacial deboning, matrix cracking, fiber breakage and delamination. [48]. The initiation of micro-
scale damage has significant implications on the durability and performance of fiber composites. The 
potential of CNT-based damage sensing was first brought up by Fiedler et al. [48] the ability of in situ 
sensing of stress, strain and damage would enhance our capability in health monitoring and improve 
durability and safety of structures composed of fiber composites. As compared to traditional fibrous 
reinforcement, where the diameters are on the micron scale, CNTs are three orders of magnitude 
smaller. Due to their extremely small size, it is possible for CNTs to penetrate the matrix-rich regions 
around the fibers and between the plies of the composite. The formation of an electrically conductive 
network of CNTs in the polymer matrix surrounding the fibers enables the CNTs to be a distributed 
sensing network that can be utilized for sensing of deformation and damage in situ [48-51], as cracks 
propagate in the composite the conducting pathways are broken in the percolating network. The 
capability to sense damage is unique to nanostructured materials since a nano-scale conductor is 
necessary to sense the formation of a micro-sized crack. Thostenson and Chou [48] added 0.5 wt. % 
of MWCNTs into cross-ply laminate composites to detect damage accumulation by electrical 
measurements. The initial slight increase of resistance change is due to the elastic deformation of the 
material and the subsequent rapid resistance increase is the result of damage accumulation. 
The glass fiber reinforced polymer (GFRP) coupons with embedded CNTs has advantages for 
sensing and damage (initiating delamination and debonding) without altering the integrity of the 
material. 
The CNT fiber’s response to mechanical load and the in situ CNT fiber’s electrical resistance 
measurements were correlated for sensing and damage monitoring purposes [52-53] and the films 
bonded to macroscopic aluminum specimens evaluated excellent piezoresistive capabilities as strain 
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sensor sensing during quasi-static and cycling loading [54]. 
Such studies, structure health monitoring sensor using CNTs have reported considerable success. 
Nonetheless, strain detection has to be limitation which was only to detect sum damage in the 
materials. 
The answer may lie with the development of damage sensing systems by the use of the 
nanomaterials embedded in the composite matrix. These sensors react to straining or fracture by 
breakdown of existing conductive network due to loss of conductive channel as health sensors to its 
host material and will give an indication of crack initiation well ahead of catastrophic failure. This in-
situ health monitoring system is developed into distributed sensing network processing which detect 
damage position of composites. These sensors are based on a growing knowledge of distributed 
sensing and structure health monitoring sensor technology. 
 
2.7 Research Objectives 
 
Good tube dispersion, controlled alignment, strong interfacial bonding, and high tube loading are 
essential for fabricating high performance nanocomposites. Current method of solution casting 
processes cannot ensure desirable nanostructures for producing quality CNTs-polymer composites 
The first objective of this thesis is to develop a comprehensive electrical resistivity multi-probing 
measurement system which can measure a variety of the electrical resistivity of CNTs based materials 
subjecting it to tension, flexure, or compression. A variety of sensing transducers have been proposed 
for structural health monitoring; most sensors only offer measurement of structural behavior at 
discrete structural locations. Here, a conformable multi-probing technique is proposed to monitor 
damage location of strain and severity can be easily and accurately quantified (Figure 2-5). In this 
study, carbon nanomaterial-based polymer composite films are bonded to structural plates with multi-
electrodes, and electrical resistivities are measured in situ while the plate is being loaded and 
deformed.  The test setup performance was examined using multi-probing analysis. 
The second objective is to characterize and analyze electrical signals of different nanocomposite 
films subjected a flexural load in the real time and to demonstrate their sensing performance and 
establish a database for multi probing. Detailed characterizations of the electrical signals of xGnP, 
MWCNT, and their composites using solution casting and coagulation methods were performed. The 
influential factors on the resistivity of a film using thermoplastic polymers and MWCNTs are 
discussed, including the effects of nanotube wt%, processing methods, and alignment. 
In this study, the electrical resistivity properties of xGnP, MWCNT, graphene are also investigated. 
The effects of nanoparticle types (xGnP, MWCNT, graphene) for multi-probing measurement were 
examined. The results show that the coagulation method can still retain good dispersion and uniform 
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distribution of nanomaterials creating excellent application potentials for multi-probing measurement 
system. 
The study also investigates the degree of alignment of the MWCNT in production of film using an 
extruder, which was suggested to be an effective way to tune the electrical sensitivity of MWCNT by 
allowing preferred directionality. The extruder allowed relatively good dispersion and alignment. 
 
 
 
Figure 2-5 Schematic of distributed sensor for large area strain sensing 
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III. EXPERIMENTAL 
 
 
3.1 Carbon nanomaterial-Filled Polymer Composite Sheets 
 
3.1.1 Materials 
 
The thermal CVD-grown MWCNTs (CM-100) used in this study were provided by Hanwha 
Nanotech (Incheon, Korea), characterized by internal diameter of 10-15 nm and purity of > 95% 
(Figure 3-1). Two types of xGnPs (xGnP-M-5 and xGnP-M-15) with sizes of approximately 5 and 15 
microns, respectively, and individual nanoplatelet thicknesses of 6-8 nm were purchased from XG 
Sciences (East Lansing, MI, U.S.A.) (Figure 3-2).The polymer matrix used was poly(methyl 
methacrylate) (PMMA) produced by Evonik Industries. Acrylite 8N is a molding- and extrusion-grade 
compound with a density of 1.19 g/cc and an average melt flow index of 3.4 g/10min. 
Reduced graphene oxide (RGO) (denoted as “graphene” throughout this paper) used in this study 
was supplied by N-Baro Tech (Ulsan, Korea). N-Baro Tech manufactured RGO in the following way: 
first, graphite was oxidized through acid treatment; then, oxidized graphite was subjected to 
ultrasonication and exfoliated into single- and multi-layered graphene oxides; and finally, RGO was 
obtained by reducing graphene oxide through thermal shock treatment. 
Figure 3-1 SEM and TEM images of MWCNT (Hanwha Nanotech) 
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Figure 3-2 SEM and TEM image of xGnP (XG Sciences) 
 
3.1.2 Nanocomposite Preparation 
 
Two different methods – solution casting and coagulation – were employed to fabricate carbon 
nanomaterial-PMMA composite sheets with varying filler content. 
Solution casting entails dissolving both carbon nanomaterial and PMMA in a common organic 
solvent by a combination of mechanical stirring and sonication, followed by hot pressing. PMMA 
pellets were dissolved in chloroform at a concentration of 1 g/mL using a mechanical stirrer. A 
weighted amount of carbon nanomaterial was added to the solution and sonicated for 70 min (10 min 
at high power followed by 60 min at low power) using an S-4000 horn sonicator (manufactured by 
Qsonica). Solvent was subsequently removed by air-dry, then by vacuum oven at 60 C0 for 3 hours to 
produce carbon nanomaterial-PMMA composites. A nanocomposite sheet was fabricated by hot 
pressing the solution-cast nanocomposite mixture in a 10-ton hydraulic Carver press (Wabash, IN). 
Stainless steel shim stock was used to produce 100 mm by 100 mm sheets with a constant thickness of 
approximately 100 m. The nanocomposite films were prepared at the carbon nanomaterial contents of 
0.5, 1, 2, 4 and 6 wt%. 
 
 
Figure 3-3 Nanocomposite preparation using solution casting 
 
In the coagulation method, the procedure described by Du et al. [55] was used, in which the 
suspension of carbon nanomaterial-PMMA mixture dissolved in dimethylformamide (DMF) was 
dripped into a large amount of distilled water. The process resulted in precipitation of PMMA 
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molecular chains, which, in effect, entrapped the carbon nanomaterials, thus locking their positions 
and preventing reaggregation. The resulting solid nanocomposite was dried in a vacuum oven, and 
was subsequently hot pressed into 100 mm by 100 mm sheets as described above (Figure 3-3). 
 
 
Figure 3-4 Nanocomposite preparation using coagulation method 
 
3.1.3 Dynamic Mechanical Analysis 
 
A DMA Analyzer from TA Instruments (New Castle, DE) was used to test the thermal mechanical 
properties of the resins and composites. All samples were tested using Thermal Analysis DMA 
Analyzer (model: DMA, Q800 manufactured by TA Instruments) equipped with a film test fixture. 
Experiments were carried out using a single frequency/temperature ramp cycle. Test began at room 
temperature and ramped to 200°C at 5°C per minute. Composites samples measuring 10 mm x 30 mm 
x 0.1 mm were cut from laser cutter for the other mechanical test (Figure 3-5). 
DMA experiments were conducted to evaluate the mechanical properties and glass transition 
temperature (Tg), assessed by tan-δ method, of MWCNT/ PMMA, composites.  
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Figure 3-5 Schematic of dynamic mechanical analysis (DMA) 
 
3.1.4 Resistivity Measurement 
 
Bulk resistivities of 100 mm by 100 mm films were measured using Keithley digital multimeters 
(Model 6517B for high resistance and Model 2002 for low resistance) and resistivity test fixture 
(Model 8009). Resistances were collected real-time using the software provided by Keithley. Surface 
resistivities were measured using a four-point probe instrument (CMT-SR 1000N manufactured by 
Advanced Instruments Technology). 
 
3.1.5 Electrical Property Characterization 
 
Bulk resistivities of 100 mm by 100 mm sheets were measured using Keithley digital multimeter 
(Model 6517B) and resistivity test fixture (Model 8009). Resistances were collected real-time using 
the software provided by Keithley and were plotted as functions of carbon nanomaterial contents. 
To ensure uniform dispersionand distribution of carbon nanomaterials, the dependence of 
resistance on inter-probe distance was investigated. Nine probes were attached to the surfaces of 
nanocomposite sheets (using silver paste) in a 3-by-3 array configuration, equi-distanced at ~30 mm, 
as shown in Fig. 3-6(a). The inter-probe distances can be grouped into five categories (from d1 to d5), 
based on their physical distances, as shown in Fig. 3-7(b). The resistances were measured between all 
possible combinations of electrode pairs to investigate their dependence on inter-probe distances. 
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(a)Electrode placement 
 
       (b) Inter-probe distance grouping scheme 
 
Figure 3-6 Nanocomposite sheets for electrical property characterization 
 
3.1.6 Piezoresistivity under Flexural Loading 
 
A 5-mm-thick PMMA plate (approximately 150 mm by 150 mm) was used as the substrate onto 
which a nanocomposite sheet was bonded using an epoxy adhesive.  The PMMA plate unit was 
installed onto a three-point bending fixture in an Instron 5982 universal materials testing system, as 
shown in Fig. 3-7 (a).  Four electrodes were attached on the surface of the sheet, as shown in Fig.3- 8 
(b), such that the resistances in longitudinal (RL between L1 and L2) and transverse (RT between T1 
and T2) directions were measured in situ as the flexural load was applied using keithley 7001 switch 
equipment. Explain how the bending force results in the longitudinal strain on the bottom surface of 
the plate and how this, in turn, leads to the increase in surface resistivity. 
 
(a) Loading setup 
 
 
 
 
 
 
 
 
 
(b) Resistance measurement scheme (bottom 
view) 
Figure 3-7 Schematic of piezoresistivity measurement test under bending 
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3.1.7  Alignment of MWCNT  
 
After dry blending the MWCNT/PMMA powder mixture, a RCP-0625 single-screw laboratory 
extruder manufactured by Randcastle (Cedar Grove, NJ) was used to extrude films containing various 
concentrations of MWCNT. A 25 mm horizontal, smooth bore, 36/1 L/D extruder was equipped a 1.5 
HP drive and 15:1 gear box, four barrel zones, a head zone and die zone, and combination pressure 
transducer with flush melt temperature indication. The composite material was extruded with a melt 
temperature of approximately 200–210°C and screw speed of 25 rpm. 
A die with a 76-mm-wide slit opening was designed to produce a continuous film with the 
MWCNTs aligned in the extruded direction (Figure 3-8) .The temperature of the die was set at 180°C. 
This die configuration generates a high degree of flow-induced fiber alignment by taking advantage of 
two distinct flow regimes that affects fiber orientation. First, the die inlet initiates a converging flow 
pattern that aligns the fibers along the streamline direction (extrusion ratio ~ 48). This flow pattern is 
then transformed into shear flow while entering a 1.25 cm long annular portion of the die. The shear 
flow produces additional fiber alignment due to the differential shear rate along the boundary layer 
that orients the fibers in the direction of flow. 
 
 
 
Figure 3-8 Extruder for processing of the polymer film with aligned MWCNTs 
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3.2 Multiscale Hybrid Composite 
 
3.2.1 Multiscale Composite Preparation 
 
Weighted amounts of MWCNTs were added to the polyester resin and sonicated for 2 hours. To 
begin the manufacturing process DBLT glass fiber fabric was cut to the 150 mm  150 mm   
dimensions and the weight was measured for determining fiber volume fraction. For the VARTM 
setup the mold surface is cleaned with acetone. Next several coats of release agent are applied to the 
mold .A layer of vacuum bag sealant tape is placed around the perimeter of the mold .A layer of fabric 
with 4 ply is then placed in the mold and embedded with 8 electrical wires with 8 lines between plies 
2 and 3. The release ply was cut slightly larger than the fiber dimensions. The fibers were then placed 
on the release ply followed by another layer of release ply. A resin distribution medium was then 
placed on the top of the pre-form, its dimension being slightly smaller than that of the reinforcement 
fabric. Next resin feed line (spiral wrap or an omega line) was placed at the end of the mold opposite 
to the vacuum line. The bagging material was placed on the sealant tape and pressure was applied by 
pressing down, to ensure there are no leaks. The vacuum line was then connected to the vacuum 
reservoir. To check for leaks the resin feed line was clamped off and the vacuum was turned on. If 
leaks were present pressure was applied to the areas where the leak was coming from, this sealed the 
bag. Next the resin was mixed in 10:1 ratio resin to curing agent, and the resin feed line was inserted 
into the mixing container. Releasing the clamp from the resin feed line allowed the resin with 
MWCNT to flow into the fabrics. Once the fabrics were completely infused the resin feed line was 
clamped off. Vacuum pressure was kept on until the part has cured. Figure 3-9 show experimental 
photographs of the VARTM process.  
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Figure 3-9 VARTM for processing of self-sensing multiscale hybrid composite 
 
3.2.2 Piezoresistivity under Pressure Loading 
 
Piezoresistivity of samples were assessed by examining the experimental electrical signals under 
pressure loading. To obtain the samples’ piezoresistivity, electrical resistance and strain were 
simultaneously recorded as test specimen underwent mechanical loadings. The experimental setup is 
shown in Figure 3-11. Again, resistance was measured with a Keithley 6517B multimeter from 8-
probe under pressure loading. To prohibit leakage of current, the specimen was clamped by polymer 
films between two hot press plates, which insulated the sensor from the steel fixture of the pressure 
machine. Embedding electrical wires in the composite was used to minimize contact resistance 
between the electrodes and the specimen. A 10-ton heated press was used to apply the pressure load. 
Keithley 6517B software was used to develop custom programs to record the measured resistance. For 
compressive load sensing, the sensors were constructed by sandwiching a multiscale composite (150 
mm in diameter) between hot press plates which function as the electrodes (Figure 3-10). In the set, 
the sensors were placed between the hot press plates. The sandwich structure was then lightly pressed 
under changed resistance close to the electrical deflection resistance of a multiscale composite from 
electrical wires to achieve more stability signal between the sensors and the multimeter.  
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Figure 3-10 Schematic of CNT multiscale composite sensor and instrument setup 
 
First, experiments were conducted to study the dynamic response of CNT multiscale composite 
sensors. A setup similar to that of the piezoresistivity study (Figure 2-3) was employed. For sensing of 
compressive loads, the sensor was placed between two hot press platens, which helped provide more 
uniform pressure on the sensors. Cyclic loading of up to 1ton was applied on the assembly while 
resistance was recorded. 
Next, to assess CNT multiscale composite performance at higher pressure, a CNT multiscale 
composite sensor was tested from 0.5 ton to 3ton at local areas. In the pressure sensing experiments, 
resistance was measured between alternating pairs of electrodes from 1 to 8 probes, while the 
specimens was subjected to pressure load at the local area. Refer to Figure 11 for detailed descriptions 
of the specimen and the electrical probes arrangement. The sensor was stimulated manually with 
small loads to gauge its pressure range sensitivity. 
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IV. RESULTS AND DISCUSSIONS 
 
 
4 .1 Carbon Nanomaterial-Filled Polymer Composite Sheets 
 
4.1.1 Electrical Properties 
 
Figure 4-1(a) shows the bulk resistivity curves of MWCNT-PMMA composite sheets 
manufactured by two different methods (solution casting and coagulation), as a function of carbon 
nanomaterial loading. Solution casting and coagulation resulted in percolation thresholds of 
approximately 1.5 and 0.8 wt%, respectively, indicating the latter method provides better MWCNT 
dispersion, due to its nature of entrapping and mechanically locking MWCNTs in place upon 
precipitation. Therefore, in subsequent experiments, coagulation was employed exclusively as the 
primary nanocomposite sheet manufacturing method. The bulk resistivity curves of xGnP-PMMA 
composite sheets are shown in Figure 4-1(b), which suggests percolation thresholds in the range of 
3~5 wt%. These percolation thresholds are significantly higher than MWCNT composites, which 
confirm that fiber-like CNTs form conductive network much more efficiently than platelet-like xGnPs. 
Figure 4-1(c) shows bulk resistivities of PMMA-graphene and PMMAMWCNT composites. It is 
evident that PMMA-graphene composites show a more drastic decrease in resistivities with increasing 
loading (four orders of magnitude reduction from 2 to 10 wt %) than PMMA-MWCNT composites 
(one order of magnitude reduction from 2 to 10 wt %), which suggests that PMMA-graphene has a 
higher percolation threshold. In particular, PMMA-MWCNT composites show at least order of 
magnitude lower surface resistivities at the same loadings as compared to what is reported in literature 
[56]. In general, a material is considered an electric conductor when its surface resistivity is below 106 
Ω/square [57]. At above 2 wt%, both graphene and MWCNT composites show surface resistivities 
lower than this threshold, which suggests that percolation thresholds for both are lower than 2 wt%. 
Work is under way to prepare and test composite films below 2 wt% to determine percolation 
thresholds 
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(a) Solution casting vs. coagulation for MWCNT-PMMA nanocomposite 
 
 
 
 
(b) Comparison of bulk resistivities for xGnP-M-5- and xGnP-M-15-PMMA nanocomposites 
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(c) Comparison of bulk resistivities for reduced graphene oxide (RGO) and MWCNT-PMMA 
nanocomposites 
 
(d) Comparison of surface resistivities for graphene and MWCNT-PMMA nanocomposites 
 
Figure 4-1 Resistivity curves of various nanocomposites 
 
4.1.2 Mechanical Properties 
 
With the addition of 10wt% MWCNTs the storage modulus of the PMMA increased by 
approximately 5000 MPa at the room temperature. Shifting of the DMA curves indicated that the 
original mechanical properties, as suggested by the manufacturer, were enhanced with the addition of 
MWCNTs. After each sample was analyzed three times, there was shifted in the storage modulus and 
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glass transition temperature. The initial DMA curves showed a slight increase in the storage modulus 
with the addition of the MWCNTs, there was also an increase in the Tg, approximately by 5°C. This 
is likely due to the reinforcement of the samples by MWCNT. In the fact, the Tg fully increase to 
140°C and the storage modulus increased to 4824 MPa, a 30% increase over the neat PMMA. This is 
a result of the additional MWCNT that took place with the reinforcement of the samples during the 
experiment. Figures 4-2 and 4-3 show the resulting DMA curves from the experiments. In addition to 
the increase in storage modulus, content of the nanotubes results in improvements in the modulus and 
glass transition temperature as compared to neat PMMA films. Increases in storage modulus and glass 
transition temperature indicate that nanotubes are acting as reinforcement in the polymer matrix by 
transferring load from the polymer to the nanotubes.  
 
 
(a) PMMA- graphene composites 
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(b) PMMA-MWCNT composites 
 
Figure 4-2 Storage modulus results from DMA for PMMA containing 2 to 6 wt% MWCNT 
 
 
 
 
(a) PMMA- graphene composites 
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(b) PMMA-MWCNT composites 
 
Figure 4-3 Tan d results from DMA for PMMA containing 2 to 6 wt% MWCNT 
 
 
The storage moduli at room temperature, % improvement, and glass transition temperatures (Tg), 
as determined from the tan δ peak positions, are summarized in Table 4-1. Storage moduli show 
monotonic increasing trends with increasing graphene and MWCNT loadings – MWCNT showing a 
slightly better reinforcing effect than graphene, i.e., 33.6 and 34.4% improvements, respectively, at 10 
wt%. As compared to neat PMMA, composite films showed a decrease in Tg at 2 wt% and a slight 
increase above 4 wt%. Carbon nanomaterial fillers have the tendency to raise Tg, as they have the 
capability to restrict the mobility of surrounding polymer chain molecules. However, in the current 
study, this “immobilizing” effect seems to “kick in” only above a certain loading (3~4 wt %). 
 
Table 4-1 Storage moduli and glass transitions temperatures 
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4.1.3 Dependence of Resistance on Inter-Probe Distance 
 
Carbon nanomaterial dispersion and distribution were indirectly assessed by investigating the 
dependence of resistance on inter-probe distance. Based on how two arbitrarily chosen electrodes are 
relatively situated with respect to one another, the electrode pair can be categorized into one of the 
five distance groups. As the nanofillers are randomly oriented within the sheet, the resistance should 
be proportional to the inter-probe distance. Figure 4 shows the normalized resistances (i.e., actual 
resistance divided by the smallest resistance among all possible inter-probe resistances (there are total 
of 9C2 = 36 resistances)) for 2 wt% MWCNT-PMMA composite sheets – fabricated through solution 
casting and coagulation. Normalized resistances, instead of raw resistances, were used to capture how 
the resistances vary with inter-probe distances relative to one another. Red boxes represent distance 
groups. As can be observed from the figure, in both cases, the resistance shows a linearly increasing 
trend with inter-probe distance. Also, the nanocomposite made using coagulation exhibits less 
variation, as compared to the solution cast sheet. (Figures 4-4 and 4-5) This further confirms that 
coagulation is a more effective method for dispersing and distributing nanofillers in the polymer 
matrix. 
 
 
 
Figure 4-4 Normalized resistances according to distance groups at 2 wt% MWCNT-PMMA 
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Figure 4-5 Normalized resistances according to distance groups at 0.5 wt% MWCNT-PMMA 
 
 
4.1.4 Piezoresistivity under Flexural Loading 
 
Figure 4-6 compares the longitudinal and transverse resistance changes of 1 wt% MWCNT-
PMMA composite sheets (bonded on PMMA plate surfaces) upon three-point bending. In three-point 
bending, as the plate undergoes flexural deformation, the top and bottom layers become subjected to 
compression and tension, respectively. In this study, as the nanocomposite sheet is bonded on the 
"bottom" surface of the PMMA plate (Figure 4-6(a)), it is subjected to tension in the longitudinal 
direction. As the flexural load increases, the resistances increase in both longitudinal and transverse 
directions, indicating piezoresistive behavior. In both solution cast and coagulated nanocomposite 
sheets, the resistance increases in the longitudinal direction is greater than those in the transverse 
direction, which is more pronounced in solution cast sheets. However, the change in resistance seems 
to be about twice as high as in coagulated as compared to solution cast sheets. 
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Figure 4-6 Longitudinal and transverse resistance changes of 1 wt% MWCNT-PMMA composites 
upon flexural loading 
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Similar trends were observed for 1 wt% xGnP-PMMA composite sheets bonded on the bottom 
surfaces of the PMMA plates subjected to three-point bending. As can be seen from Figure 4-7 the 
longitudinal resistance curve for the xGnP-M-15 nanocomposite is steeper than that for the xGnP-M-5 
nanocomposite, indicating xGnP-M-15, which is the larger of the two, provides higher sensitivity. 
This is attributed to the fact that at the same xGnP content, the conductive network formed by larger 
conductive fillers (in this case, xGnP-M-15) is more susceptible to, that is, it is more prone to be 
disrupted when subjected to, external loading (Figure 4-8). 
 
 
RL (xGnP-M-15)
RL (xGnP-M-5)
 
 
Figure 4-7 Longitudinal resistance changes of 1 wt% xGnP-PMMA composites upon flexural loading 
 
 
Figure 4-8 Effect of xGnP size on composite piezoresistivity 
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4.1.5 Scanning Electron Microscopy (SEM) 
 
From the images of SEM pictures, good tube dispersion can be observed. Figure 4-9 (a), (b) show 
SEM images of 2, 4, 6%wt SWNT/PMMA nanocomposites according to methods respectively. The 
cross section of fracture surface is very smooth which indicates that the failure mode is a brittle 
fracture. And also it was observed that tubes disperse uniformly in the matrix resin. No visible 
bundles or ropes could be observed in the local resin. and the tubes of solution casting didn’t disperse 
more uniformly than coagulation method, which resulted in precipitation of PMMA molecular chains, 
which, in effect, entrapped the carbon nanomaterials, thus locking their positions and preventing 
reaggregation Therefore, coagulation method for solving the fabricating problems of nanocomposite 
sample is to find the way to improve the dispersion of nanotube in the polymer. 
 
 
(a) 
 
(b) 
Figure 4-9 SEM images (100,000X): (a) MWCNT-PMMA by solution casting, (b) MWCNT-PMMA 
by coagulation method 
 
Figure 4-10(a) and (b) show SEM images of 2, 4, 6 wt% xGnP/PMMA nanocomposites according 
to particle size (15 and 5um) respectively. From the micrographs, it is observed that the fracture 
surfaces are characterized by platelet like embedded particle, which many indicate the presence of 
xGnPs. However, it was somewhat difficult to assess the degree of dispersion. 
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(a) 
 
 
 
(b) 
 
(c) 
 
Figure 4-10 SEM images (100,000X): (a) xGnP-M-5-PMMA, (b) xGnP-M-15-PMMA, (c) grapheme-
PMMA 
 
The SEM images of PMMA-graphene and PMMA-MWCNT composites at various loadings are 
shown in Figs. 4-10 (c) and 4-9. As graphene and MWCNT loadings increase, it is evident the carbon 
nanomaterials densely pack to form networks. It is well-accepted that CNTs, which is inherently a 
high-aspect-ratio, fiber-type filler, form a conductive network much more efficiently than micro- or 
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nano-scale fillers of other geometric configurations, such as spherical carbon black and plate-type 
graphene. This provides the reasoning for the lower percolation threshold achieved by PMMA-
MWCNT (as compared to PMMA-graphene) composites in Sec. 4.1.1. It is also observed in Figure 4-
10 that graphene sheets, which are of micron-scale in width, show no evidence of aligning or stacking. 
 
4.1.6 Piezoresistivity in Aligned MWCNT composites under Flexural Loading 
 
The resistance ratio R///Rㅗ was used to assess the degree of CNT alignment in extruded 
MWCNT/PMMA films, where R// and Rㅗ are the resistances measured along the longitudinal and 
transverse directions, respectively, with respect to the CNT-aligned direction. A lower take-up speed 
results in a lower degree of alignment. The resistance ratios were calculated and compared between 
the polarization direction parallel and perpendicular to the fiber axis. The resistance ratio R///Rㅗ are 
plotted in Figure 4-11 as a function of take-up velocity. The figure indicates that there is an improved 
alignment orientation of the MWCNT in the fibers through the velocity of the extruder. The resistance 
ratio R///Rㅗ can quantify the degree of orientation of the MWCNT in the polymer fiber. We can 
therefore conclude that the alignment of the MWCNT is changed through take- up speed. 
 
 
 
Figure 4-11 Ratio of resistances in parallel and perpendicular direction as a function of take-up 
speed % 
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(a) Loading setup 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Resistance measurement scheme                   (c) Resistance measurement scheme 
(Perpendicular oriented CNT composite)                 (Parallel oriented CNT composite) 
 
Figure 4-12 Schematic of piezoresistivity measurement test in aligned CNT composites under bending 
 
Figure 4-12 compares the longitudinal and transverse resistance changes of 1 wt% MWCNT-
PMMA composite sheets (bonded on PMMA plate surfaces) between the polarization direction 
parallel and perpendicular to the fiber axis upon three-point bending. In three-point bending, as the 
plate undergoes flexural deformation, the top and bottom layers become subjected to compression and 
tension, respectively. In this study, as the nanocomposite sheet is bonded on the "bottom “surface of 
the PMMA plate (Figure 4-12(a)), it is subjected to tension in the longitudinal direction. As the 
flexural load increases, the resistances increase in both longitudinal and transverse directions, 
indicating piezoresistive behavior. In both the polarization direction parallel and perpendicular to the 
fiber axis of nanocomposite sheets, the resistance increase in the longitudinal direction is greater than 
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those in the transverse direction, which is more pronounced in the perpendicular oriented CNT 
composite (Figure 4-13). Also, the change in resistance seems to be about twice as high in the 
perpendicular oriented CNT composite as compared to the parallel oriented CNT composite. This is 
attributed to the fact that in the perpendicular orientation, there is higher susceptibility of the CNT 
network to disruption, leading to substantially large increase in resistivity.  
 
 
(a) Resistance measurement perpendicular oriented to the fiber axis. 
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(b) Resistance measurement parallel oriented to the fiber axis. 
 
Figure 4-13 Longitudinal and transverse resistance changes of 1 wt% MWCNT-PMMA composites 
upon flexural loading 
 
 
4.2. Multiscale Hybrid Composite  
 
4.2.1 Mechanical Properties 
 
To compare the mechanical properties of the composite laminates, DMA was performed on all 
samples. DMA results showed if there was any variability in the sonication process between samples. 
The results from neat PMMA and MWCNT/PMMA were discussed in the previous chapter. This 
section will look at the DMA results for the neat polyester and MWCNT/polyester composites 
according to various sonication times. 
 
 
 
Figure 4-14 Storage modulus results from DMA for unsaturated polyester-0.2 wt% MWCNT from 0 
to 120 min sonication times 
 
For testing the Tg, assessed by tan-δ method, and storage modulus of the specimens .The samples 
were allowed to cool down to room temperature between each test. Figure 4-14 shows the overlay of 
the neat polyester composites. With each successive run the storage modulus of the sample increased 
and the Tg remained graph. With the addition of 0.2 % MWCNTs, the storage modulus of the polyester 
composites improved significantly according to sonication times, as shown in Figure 4-14. However, 
the time 120min resulted in only a slight reduction in the storage modulus and the sonication time of 
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90min, a decrease in the glass transition temperature. Figure 4-15 shows the DMA plots of the 
polyester composites. This indicates that there is some interaction between the different sonication 
condition and CNTs that affect the mechanical properties of the different composite systems.  
It is not clear as to why there was a decrease in the storage modulus and glass transition 
temperature at long sonication time although it may be speculated that this may be due to high 
damage between the CNTs and the resin. Further research is needed to achieve the good dispersion 
between the nanotubes and resin and understand its effect on viscoelasticity. 
 
 
 
 
 
 
Figure 4-15 Tan d results from DMA for unsaturated polyester-0.2 wt% MWCNT from 0 to 120 min 
sonication times 
 
43 
4.2.2 Piezoresistivity under Pressure Loading 
 
The piezoresistive response of CNTs and their composites has opened up a variety of sensing 
applications. Figures 4-16(a) and (b) show the change in electrical resistance of the as-processed 
composites during pressure deformation with decreasing peak load followed by continuous loading. 
Here the pressure level is below which high packing of MWCNT in the composite is initiated and 
from the graphs it can be seen that the instantaneous response of the resistance change closely follows 
pressure gage data. The instantaneous resistance response indicates that the volume resistivity of the 
specimen changes with applied deformation. This piezoresistive behavior is a consequence of 
nanoscale structural changes in the percolating network and corresponds to a stochastic packing of 
conducting paths due to compression of matrix. This sensitivity of the nanotube-based composite 
electrical resistance to applied deformation imparts multi-functional behavior to the composite, where 
the CNTs network can be utilized for real-time self-sensing. While the utilization of CNTs as strain 
sensors has been widely established, the unique aspect of in situ sensing using embedded CNTs 
networks is the capability to detect the onset and evolution of microstructural damage. In order to 
further examine the evolution of damage towards the development of carbon nanotube-based 
distributed sensing it is important to examine the resistance and pressure relations of the material 
where the data is acquired in real time. In select load it is widely established that pressure at any area 
affect on the shortest distance of electrical path, where the MWCNT are packed closely in the contact 
area, during pressure deformation. When pressure initiates on the composite, the structure of 
MWCNT is redistributed through the packing and contact to develop as the applied load is increased 
until the contact between MWCNTs is saturated with packing. Figure 4-16 (a) shows it can be seen 
that the graph representing resistance measured in the pressure with repeating pressure (1 ton) have 
reversible peaks.  This reflects the fact that the pressure at any given area is response of changing 
resistance.  It is also interesting to note that there is reversible response in Figure 4-16(b).the 
measured resistance up to 2.5 ton still decreased in Figure 4-17. As a pressure was applied, the 
MWCNT were closely packed along with the polymer matrix, this caused MWCNT clusters packing, 
and subsequently lower resistance according to loading. 
 
44 
 
(a) 
 
(b) 
Figure 4-16 Effect of pressure on CNT network resistance 
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Figure 4-17 Fitting of experimental conductivities according to increasing pressure loading 
 
 
4.2.3 Detecting the Position of Pressure Loading 
 
The electrical properties of the composite are dominated by the formation of MWCNT in the 
position of load. Therefore, the close stack of MWCNTs in the shortest distance between probes 
results in only a slight degradation of resistance. In Figure 4-18, we show the resistance response of a 
specimen undergoing position of loading 1 and 2 independently while the specimen is probed between 
1 and 4. The relatively large difference in resistance changed was observed depending on position of 
loading point. Figure 4-19(b) shows resistance response under loading position loading. In loading 1 
and 2, resistance was measured between probes 1 and 4, and it is clearly seen that the resistance 
change closely follows the location of the load. During loading 2, the change in resistance (between 
probes 1 and 4) was observed in accordance with the load profile. As the compressive load packs the 
MWCNT network, the resistance is observe to decrease. Upon loading 1, there is little or no change in 
resistance, as the loading location is sufficiently far away from the shortest conductive path formed 
between the probes. Figure 4-18 shows a magnified view of the loading 1 and 2. Clearly the extent of 
disruption, reflected by the magnitude of change in resistance, is most pronounced in the positions of 
the applied pressure, and progressively less in positions diverting from this principal (pressure) 
position, as evidenced in Figure 4-19. 
 
 
 
Figure 4-18 Positions of pressure loading and schematic of pressure sensing 
46 
 
 
(a) 
 
 
(b) 
 
Figure 4-19 Electrical signals according to position of pressure loading 
 
 
The experimental design will involve a full factorial scheme. The original design calls for total of 
8C2 = 28 resistances treatment combinations (from 1 to 8 probe). In addition, four points of the partial 
pressure (load area 1 cm X 1 cm) will be included to account for potential high variation. This will 
aim at identifying the main effects of pressure that have large influence in this resistance change at the 
specific region. Initially, Figure 4-20 shows all combinations of varying degrees of resistance when 
applied on multiple points (1, 7, 8, c (center)) in the partial pressure (load area 1 cm X 1 cm). The 
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changing resistance is only responses at closed area of pressure (1, 7, 8, c (center)), respectively. It 
has demonstrated pressure sensing by multi probing has the potential to detect positions and severity 
of damages.   
 
 
Figure 4-20 Distributed sensors according to position of pressure loading 
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V. CONCLUSIONS 
 
 
This thesis presents an experimental study on the electrical and piezoresistive behavior of 
MWCNT- and xGnP-filled PMMA composite sheets and multi scale hybrid composites for their 
application in large-area strain and pressure sensing of structures subjected to flexural and pressure 
loading. 
The dispersion and mechanical properties results were analyzed by SEM images, DMA analysis 
and resistivity respectively. It reveals good tube dispersion and rough fracture surface as evidenced by 
SEM images could relate to higher mechanical performance of nanocomposites. These phenomena 
were appreciable in both results of 2%wt and 6%wt resulting nanocomposites. Despite its inherent 
imperfections (as a result of the mass-producible synthesis process still under development), graphene 
exhibited similar reinforcing effects as MWCNTs; however, the electrical resistivities of PMMA-
graphene composites were several orders of magnitude higher at the same filler content below ~5 wt%, 
as compared to PMMA-MWCNT composites.  
This research developed new methods of dispersion for large-area structural health monitoring 
using smart carbon nanomaterial-filled polymer composite sheets, which considerably enhances tube 
dispersion and electrical properties of the resultant nanocomposites. As confirmed by the evaluation 
of the dependence of resistance on inter-probe distances, the coagulation method showed higher 
repeatability and lower variability in electrical conductivity, as compared to solution casting.  
Moreover, at the same loading, MWCNTs showed the highest sensitivity among the three types of 
filler, whereas the smaller xGnPs showed the lowest. As for CNT-alingned nanocomposites in all 
cases, the change in resistance, that is the piezoresistive effect, was more pronounced in the 
longitudinal direction as opposed to the transverse direction. The study paved the way for large-area 
structural health monitoring using smart carbon nanomaterial-filled polymer composite sheets, which 
can be bonded to or embedded into structures to be monitored. In addition, the sensors exhibited 
excellent potential for pressure sensing, suggesting a possibility for tailoring to meet pressure range 
and large-area structural health monitoring using muli scale smart carbon nanomaterial-filled polymer 
composite. Overall, the study shows that the multi-scale composite pressure sensors can provide a 
pathway to affordable, effective, and versatile health monitoring technology for large areas. 
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VI. FUTURE WORK 
 
 
Carbon nanomaterials could disperse evenly in the polymer as well as form good property over 
large areas through new production techniques in this research. These results will further be applied 
on large-area structural health monitoring to investigate if good tube dispersion, stable electrical could 
be observed over large areas. 
Also, future experiments need to be conducted to characterize the dynamic response of smart 
carbon nanomaterial-filled polymer composite sensors, and methodologies need to be developed to 
visualize electrical signal of the entire set of resistances treatment combinations on large areas 
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APPENDIX 
 
 
(a) PMMA-graphene composite 
 
(b) PMMA-MWCNT composite 
 
Figure A-1 Piezoresistive behavior of nanocomposite films
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Figure A-2 Viscosity as a Measure of Dispersion with 0.2 wt% graphene-polyester 
 
 
 
 
 
 
Figure A-3 DMA Tan Delta results for Polyester /0.2 wt% Graphene from 0 to 120 min sonication 
times 
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Figure A-4 DMA storage modulus results for unsaturated polyester/0.2 wt% graphene at various 
sonication times 
 
 
 
(a) 
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(b) 
 
Figure A-5 Spectra of PMMA-MWCNT parallel and perpendicular to fiber axis; fiber extruded with 
powder (a) and fiber extruded with pellet (b); upper spectra: parallel to fiber axis; lower spectra: 
perpendicular to fiber axis. 
 
 
 
 
Figure A-6 Ratios of resistance parallel/perpendicular to the fiber axis according to take-up speed % 
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